Opioid receptor agonists that do not readily cross the bloodbrain barrier are peripherally restricted and distribute poorly to the central nervous system after systemic administration. Peripherally restricted agonists have promise as candidate analgesics, because they may produce antinociception mediated by peripheral receptors more potently than they produce undesirable sedative and psychotomimetic effects mediated by central receptors. The present study used assays of painrelated stimulation and depression of behavior in rats to compare effects of 1) two peripherally restricted agonists [the
Introduction
Opioid receptor agonists are one class of medications that has been evaluated as a source of alternatives to existing analgesics for the treatment of pain. Although centrally penetrating agonists produce antinociceptive effects in many conventional preclinical assays of basal, inflammatory, and neuropathic pain (e.g., reviewed in Vanderah et al., 2004; Negus et al., 2010b) , they have not proven to be viable analgesics in humans in part because of the production of sedative and psychotomimetic effects (Pande et al., 1996a,b; Wadenberg, 2003) . One strategy to dissociate analgesic from sedative/psychotomimetic effects has been to develop agonists that do not readily cross the blood-brain barrier and remain peripherally restricted after systemic administration (Vadivelu et al., 2011) . Theoretically, such compounds would retain an ability to produce analgesia by acting on peripheral receptors, but their potency to produce centrally mediated undesirable effects, including sedation and psychotomimesis, would be reduced. Preclinical studies have provided some support for this approach. For example, centrally penetrating -selective agonists such as (ϩ)-(5␣,7␣,8␤)-Nmethyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-benze-neacetamide (U69593) produced antinociception in assays of chemical irritant-induced abdominal stretching in rodents at doses only 2-to 3-fold lower than doses that also produced signs of centrally mediated motor impairment (Seguin et al., 1995; Vanderah et al., 2004) . However, peripherally restricted agonists such as the nonpeptide small molecule ((R,S)-N-[2-(Nmethyl-3,4-dichlorophenylacetamido)-2-(3-carboxyphenyl)-ethyl]pyrrolidine hydrochloride (ICI204448) and the tetrapeptide D-Phe-D-Phe-D-NIe-D-Arg-NH 2 [a.k.a. ff(D-Nle)r; FE200041] produced antinociception in the same assays at doses Ͼ20-fold lower than doses that produced signs of motor impairment (Barber et al., 1994; Vanderah et al., 2004) . The clinical significance of these findings is a topic of active investigation (Machelska et al., 1999; Arendt-Nielsen et al., 2009) .
To further assess distinctions in antinociception produced by centrally penetrating versus peripherally restricted agonists, the present study used assays of pain-related stimulation and depression of behavior to compare antinociceptive effects of the centrally penetrating agonist salvinorin A (Prisinzano, 2005) and two peripherally restricted agonists [the tetrapeptide D-Phe-D-Phe-D-Ile-D-Arg-NH 2 (a.k.a. ffir) (Dooley et al., 1998) and ICI204448 (Shaw et al., 1989 ); see Fig. 1 ]. The advantages of using complementary assays of pain-related stimulation and depression of behavior have been discussed previously (Negus et al., , 2010a see Discussion) . In the present study, intraperitoneal injection of dilute lactic acid served as a noxious visceral stimulus to stimulate an abdominal stretching response and depress intracranial self-stimulation (ICSS) in rats. When tested under similar conditions, the centrally penetrating agonist U69593 dose-dependently blocked acid-stimulated stretching (an antinociceptive effect) but only exacerbated acid-induced depression of ICSS at doses that also depressed ICSS in the absence of the noxious stimulus (Negus et al., 2010b) . These results were interpreted to suggest that the apparent antinociceptive effects of U69593 in the assay of acid-stimulated stretching resulted from nonselective behavioral depression rather than analgesia. In the present study, we hypothesized that salvinorin A would produce a similar profile of effects.
Conversely, we hypothesized that ffir and ICI204448 would produce an antinociceptive blockade of both acid-stimulated stretching and acid-induced depression of ICSS at doses that would have no effect on ICSS in the absence of the noxious stimulus. The effects of these agonists were compared with the effects of the analgesic nonsteroidal anti-inflammatory drug (NSAID) ketoprofen (Spofford et al., 2009) , which was expected to function as a positive control. The effects of the stimulant cocaine and the neuroleptic flupenthixol were also examined as drugs expected to produce nonselective stimulation and depression of behavior, respectively (Nielsen et al., 1973; Johanson and Fischman, 1989) .
Materials and Methods

Subjects
Male Sprague-Dawley rats (Harlan, Frederick MD) with initial weights of 295 to 405 g at the time of surgery were used for studies of ICSS and lactic acid-induced stretching. Rats were individually housed and maintained on a 12-h light/dark cycle with lights on from 6:00 AM to 6:00 PM. Food and water were continuously available except during experimental sessions. Animal maintenance and research were in compliance with National Institutes of Health guidelines on the care and use of animal subjects in research (Institute of Laboratory Animal Resources, 1996) and the guidelines of the Committee for Research and Ethical Issues of the International Association for the Study of Pain. In addition, animal-use protocols were approved by the Virginia Commonwealth University Institutional Animal Care and Use Committee.
All animals were anesthetized with isoflurane gas (2.5-3% in oxygen; Webster Veterinary, Phoenix, AZ) for stereotaxic surgery to implant a stainless-steel bipolar electrode (Plastics One, Roanoke, VA) in the left medial forebrain bundle (2.8 mm posterior to bregma, 1.7 mm lateral from midsagittal suture, and 7.8 mm below dura). One pole (the cathode) of each bipolar electrode was 0.25 mm in diameter and covered with polyamide insulation except at the flattened tip. The other pole (the anode) was 0.125 mm in diameter and uninsulated. Three to four screws were implanted in the skull, and the anode was grounded by wrapping it around one of these skull screws. The electrode was secured into place by using orthodontic resin. Rats received ketoprofen (5 mg/kg i.p. for 2 days) as the postoperative analgesic. ICSS training began after 7 days of recovery.
Assay of Intracranial Self-Stimulation
Apparatus. Experiments were conducted in sound-attenuating boxes that contained modular acrylic test chambers (29.2 ϫ 30.5 ϫ 24.1 cm) equipped with a response lever (4.5 cm wide, extended 2.0 cm through the center of one wall, 3 cm off the floor), stimulus lights (three lights colored red, yellow, and green, positioned 7.6 cm directly above the response lever), a 2-W white house light, and an ICSS stimulator (MED Associates, St. Albans, VT). Electrodes were connected to the stimulator via a swivel connector (model SL2C; Plastics One). The stimulator was controlled by computer software that also controlled all of the programming parameters and data collection (MED Associates).
Behavioral Procedure. After initial shaping of lever-press responding, rats were trained under a continuous reinforcement schedule of brain stimulation by using procedures similar to those described previously (Negus et al., 2010a,b) . During initial training sessions lasting 30 to 60 min, the white house light was illuminated, and responding produced electrical stimulation under a continuous schedule of reinforcement. Under this schedule, each lever press resulted in the delivery of a 0.5-s train of square-wave cathodal pulses (0.1-ms pulse duration) and illumination for 0.5 s of the colored stimulus lights over the lever. Responses during the 0.5-s jpet.aspetjournals.org stimulation period did not earn additional stimulation. Initially, the frequency of stimulation was held constant at 126 Hz, and the stimulation intensity for each rat was adjusted gradually to the lowest value that would sustain a high rate of ICSS (Ն30 stimulations/min). Frequency manipulations were then introduced, and the terminal schedule consisted of sequential 10-min components. During each component, a descending series of 10 current frequencies was presented, with a 60-s trial at each frequency. The frequency range extended from 158 to 56 Hz in 0.05-log increments. Each frequency trial began with a 10-s timeout, during which the house light was off and responding had no scheduled consequences. During the last 5 s of this timeout, five noncontingent stimulations were delivered once per second at the frequency available during that trial, and the lever lights were illuminated during each stimulation. This noncontingent stimulation was then followed by a 50-s "response" period, during which the house light was illuminated, and responding produced electrical stimulation under the continuous reinforcement schedule described above. Training continued with presentation of three sequential components per day, and intensity was again adjusted as necessary until rats reliably responded for at least three and no more than six trials of all components for at least 2 consecutive days. In general, rats were trained in groups of 10 to 14 for each drug. The first six rats to meet training criteria were then advanced to ICSS testing. As discussed previously (Pereira Do Carmo et al., 2009; Negus et al., 2010b) , the remaining rats from each group were assigned to studies of lactic acid-induced stretching using methods described below.
ICSS test sessions consisted of six sequential components. The first component of each test session was considered to be an acclimation component, and data from this component were discarded. Data from the second and third "baseline" components were used to calculate baseline parameters of frequency-rate curves for that session (see Data Analysis). After these baseline components, a test drug or its vehicle was administered intraperitoneally as a pretreatment to 1.8% lactic acid or its vehicle (intraperitoneally in a volume of 1.0 ml/kg). Drugs, doses, and pretreatment times were as follows: salvinorin A (0.32-3.2 mg/kg; 10 min), ffir (0.32-10 mg/kg i.p.; 30 min), ICI204448 (10 -32 mg/kg; 30 min), ketoprofen (1 mg/kg; 30 min), cocaine (1-10 mg/kg; 10 min), and flupenthixol (0.1-1.0 mg/kg; 60 min). Doses and pretreatment times were based on preliminary studies and previous studies in the literature (Corbett, 1990; Barber et al., 1994; McCurdy et al., 2006; Chartoff et al., 2008; Spofford et al., 2009) . Three sequential test components were conducted immediately after administration of lactic acid or its vehicle. Testing was conducted twice per week using a schedule under which test drugs were administered twice per week (usually Tuesday and Friday), with the test drug dose being followed by 1.8% lactic acid on one test day and lactic acid vehicle on the other test day. The order of drug doses for a group of rats was arranged according to a within-subject, Latin-square design such that all rats received all doses of a given drug, and training sessions were conducted on other weekdays.
Data Analysis. The primary dependent variable was the reinforcement rate in stimulations/trial during each frequency trial. To normalize these data, raw reinforcement rates from each trial in each rat were converted to percentage of maximum control rate (%MCR), with the maximum control rate defined as the mean of the maximal rates observed during any frequency trial of the second and third baseline components for that session. Thus, %MCR values for each trial were calculated as (response rate during a frequency trial Ϭ maximum control rate) ϫ 100. For each test session, data from the second and third components were averaged to yield a baseline frequency-rate curve, and data from the three test components were averaged to yield a test frequency-rate curve. Baseline and test curves were then averaged across rats to yield mean baseline and test curves for each manipulation. For statistical analysis, results were compared by two-way ANOVA, with treatment and ICSS frequency as the two factors. A significant ANOVA was followed by the Holm-Sidak post hoc test, and the criterion for significance was set at p Ͻ 0.05.
To provide an additional summary of ICSS performance, the total number of stimulations per component obtained across all frequencies was determined, and the average number of stimulations per test component was expressed as a percentage of the average number of stimulations per baseline component during each session. These values were then averaged across rats in each experimental condition and compared by one-way ANOVA or t test as appropriate. A significant ANOVA was followed by the Dunnett or NewmanKeuls post hoc test, and the criterion for significance was set a priori at p Ͻ 0.05.
Assay of Lactic Acid-Stimulated Stretching
Behavioral Procedure. Test sessions were conducted once per week. Test drugs were administered intraperitoneally before treatment with 1.8% lactic acid (intraperitoneally in a volume of 1 ml/kg). Immediately after acid injection, rats were placed into acrylic test chambers (31.0 ϫ 20.1 ϫ 20.0 cm) for 30-min observation periods. A stretch was operationally defined as a contraction of the abdomen followed by extension of the hind limbs, and the number of stretches during the observation period was counted. A dose-effect curve for salvinorin A (0.32-3.2 mg/kg) was determined by using a 10-min pretreatment time, and a time course for salvinorin A (10 -100 min) was determined by using a dose of 3.2 mg/kg. A dose-effect curve for ffir (0.32-3.2 mg/kg) was determined by using a 30-min pretreatment time, and a time course for ffir (10 -300 min) was determined by using a dose of 3.2 mg/kg. In addition, the effects of 3.2 mg/kg salvinorin A (10-min pretreatment) and 3.2 mg/kg ffir (30-min pretreatment) were redetermined 24 h after pretreatment with the opioid receptor-selective antagonist norbinaltorphimine (10 and 32 mg/kg) (Negus et al., 2010b) . A dose-effect curve for ICI204448 (3.2-32 mg/kg) was determined by using a 30-min pretreatment time. Ketoprofen, cocaine, and flupenthixol were tested by using doses and pretreatment times identical to those used in the ICSS procedure, with the exception that lower ketoprofen doses were added to extend the overall ketoprofen dose range (0.01-1.0 mg/kg). The experiment with cocaine was repeated in two groups of rats (11 rats total). Results did not differ, and data were averaged. The order of drug doses for a group of rats was arranged according to a withinsubject, Latin-square design such that all rats received all doses of a given drug.
Data Analysis. Drug effects on stretching were evaluated by one-way ANOVA. A significant ANOVA was followed by the Dunnett or Newman-Keuls post hoc test, and the criterion for significance was set at p Ͻ 0.05.
Drugs
Lactic acid (Sigma, St. Louis, MO) was diluted in sterile water. Salvinorin A (Sigma) was dissolved in a vehicle of 75% dimethyl sulfoxide in sterile water as described previously (Carlezon et al., 2006) . ffir (J. McLaughlin and R. Houghten, Torrey Pines Institute of Molecular Studies, Port St. Lucie, FL), ICI204448 and cis(Z)-flupenthixol 2HCl (Sigma), norbinaltorphimine (K. Rice, National Institutes of Health, Bethesda, MD), ketoprofen propionate (Spectrum Chemical, Gardena, CA), and cocaine HCl (National Institute on Drug Abuse Drug Supply Program, Bethesda, MD) were dissolved in sterile water. In accordance with the nomenclature used by Dooley et al. (1998) in their article describing the synthesis and pharmacology of D-Phe-D-Phe-D-Ile-D-Arg-NH 2 , this compound is referred to as ffir (f ϭ D-phenylalanine, i ϭ D-isoleucine, r ϭ D-arginine). All drugs were administered intraperitoneally in a volume of 1 ml/kg, except for ICI204448, which was administered intraperitoneally in volumes up to 2 ml/kg. 
Results
Effects of ffir and Salvinorin A on Acid-Stimulated
Stretching. Across all 39 rats used for studies of acid-stimulated stretching, intraperitoneal administration of 1.8% lactic acid after drug vehicle pretreatments elicited a mean Ϯ S.E.M. of 32.0 Ϯ 2.4 stretches. The absolute number of stretches elicited by lactic acid alone in each group is reported in the figure legends. Figure 2 shows the antinociceptive effects of ffir and salvinorin A in this assay of painstimulated behavior. Both ffir and salvinorin A produced a dose-dependent, time-dependent, and norbinaltorphiminereversible blockade of acid-stimulated stretching. ffir and salvinorin A displayed similar potencies and sensitivities to norbinaltorphimine antagonism, and ffir displayed a longer duration of action (Ն100 min, off by 300 min) than salvinorin A (Ն30 min, off by 100 min).
Effects of ffir and Salvinorin A on Acid-Depressed ICSS. Figure 3 shows the effects of the same acid noxious stimulus (intraperitoneal injection of 1.8% lactic acid) on ICSS. During each test session, a baseline frequency-rate curve was determined before testing to permit determination of the MCR. Over the course of the entire study in all 34 rats tested, the mean Ϯ S.E.M. MCR was 62.9 Ϯ 1.8 stimulations/ trial. Reinforcement rates during each frequency trial of a session were then expressed as a percentage of that session's MCR, and the average baseline frequency-rate curve for all rats is shown in Fig. 3a as a gray line. Rats generally did not respond at low stimulation frequencies (1.75-1.85 log Hz), and reinforcement rates increased across a frequency range of 1.9 to 2.1 log Hz. Maximum reinforcement rates were typically maintained by the highest frequencies. Treatment with lactic acid vehicle (sterile water) had no effect on the frequency-rate curve. However, treatment with 1.8% lactic acid depressed ICSS. This depression was manifested as a rightward shift in the frequency-rate curve (Fig. 3a) . Figure  3 also shows summary data for the total number of stimulations delivered across all 10 frequencies during each component. The mean Ϯ S.E.M. baseline number of stimulations per component was 309.1 Ϯ 11.9, and lactic acid produced a decrease in the percentage baseline number of stimulations per component (Fig. 3b) . This lactic acid-induced depression of ICSS provided a measure of pain-related behavioral depression, and drugs were evaluated for their ability to block acid-induced depression of ICSS. Fig. 2 Figure 4 shows the effects of ffir and salvinorin A on control ICSS in the absence of the noxious stimulus (a and b; open bars in e and f) and on acid-depressed ICSS (c and d; filled bars in e and f). Neither ffir nor salvinorin A produced antinociception in the assay of acid-depressed ICSS. Rather, both ffir and salvinorin A significantly decreased control ICSS and only exacerbated acid-induced depression of ICSS. However, there were differences in the relative potencies of ffir and salvinorin A to produce behavioral effects. Thus, salvinorin A was equipotent in decreasing acid-stimulated stretching, control ICSS, and acid-depressed ICSS insofar as a dose of 1.0 mg/kg was sufficient to significantly decrease rates of all three behavioral dependent measures. Conversely, ffir was more potent in decreasing acid-stimulated stretching (significant at 1.0 mg/kg) than control ICSS (significant at 3.2 mg/kg). Moreover, doses of 3.2 to 10 mg/kg ffir produced only small decreases in acid-depressed ICSS that were significant only at a single frequency of the frequencyrate curve (2.15 log Hz) and not on the summary measure of percentage of baseline stimulations.
Effects of ICI204448. Figure 5 shows the effects of ICI204448 on acid-stimulated stretching and on control and acid-depressed ICSS. Like the other agonists, ICI204448 dose-dependently decreased acid-stimulated stretching (Fig.   5a ). However, doses of 10 and 32 mg/kg ICI204448, which significantly decreased stretching, did not significantly alter summary measures of control or acid-depressed ICSS (Fig.  5b) . Analysis of ICI204448 effects on full ICSS frequency-rate curves is shown in Fig. 5, c and d . The lower dose of 10 mg/kg ICI204448 had no effect on control ICSS, but partially blocked acid-induced depression of ICSS at frequencies of 2.05 and 2.1 log Hz. This was the only evidence in this study of an antinociceptive effect of a agonist in the assay of acid-depressed ICSS. The higher dose of 32 mg/kg ICI204448 only depressed control ICSS (2.0 log Hz) and exacerbated acid-induced depression of ICSS (2.15 and 2.2 log Hz).
Effects of Ketoprofen, Cocaine, and Flupenthixol. Figure 6 shows summary data for the NSAID ketoprofen, the monoamine uptake inhibitor cocaine, and the dopamine receptor antagonist flupenthixol on acid-stimulated stretching and on control and acid-depressed ICSS. Ketoprofen blocked both acid-stimulated stretching and acid-induced suppression of ICSS without affecting control ICSS. Conversely, cocaine failed to block acid-stimulated stretching, although it blocked acid-induced depression of ICSS at doses that also increased control ICSS in the absence of the noxious stimulus. Flupenthixol blocked acid-stimulated stretching, but only at doses that also decreased both control and acid- 
Discussion
The main finding of this study was that the peripherally restricted agonists ffir and ICI204448 produced dose-dependent and robust antinociception in the assay of painrelated stimulation of behavior (acid-stimulated stretching) but produced little or no antinociception in the assay of pain-related depression of behavior (acid-depressed ICSS). This profile of effects contrasts with profiles produced by the NSAID ketoprofen (antinociceptive in both assays) and the centrally penetrating agonist salvinorin A (antinociceptive in the assay of acid-stimulated stretching but pronociceptive in the assay of acid-depressed ICSS). Taken together with previous findings (Pereira Do Carmo et al., 2009; Negus et al., 2010b ), these results demonstrate that complementary assays of pain-related behavioral stimulation and depression can dissociate effects of centrally penetrating agonists and peripherally restricted agonists on pain-related behaviors in rats. In addition, these results suggest that peripherally restricted agonists may be safer than centrally penetrating agonists but less efficacious as analgesics than NSAIDs or opioid agonists. Rationale for Studies of Pain-Related Depression of Behavior. Most preclinical assays of nociception measure "pain-stimulated" behaviors, which can be defined as behaviors that increase in rate or intensity upon presentation of a pain stimulus (Negus et al., 2010a) . Common examples of pain-stimulated behaviors include withdrawal responses elicited by thermal and mechanical stimuli or (as in the present study) abdominal stretching responses elicited by intraperitoneal injection with chemical irritants. There are at least two weaknesses associated with exclusive reliance on assays of pain-stimulated behavior in analgesic drug development. First, drugs can reduce pain-stimulated behaviors either by reducing sensitivity to the noxious stimulus (true analgesia) or impairing the ability of the subject to emit the pain-stimulated behavior (resulting in a "false-positive" drug effect). Second, commonly measured pain-stimulated behaviors may be mediated by different neural circuits and respond to different pharmacological treatments than other pain-related behaviors, such as the affective manifestations of pain. These weaknesses may contribute to the imperfect ability of conventional preclinical assays to predict clinical effects of candidate analgesic drugs in humans Mogil, 2009) . As one strategy for addressing these weaknesses, we have developed assays to measure "pain-depressed" behaviors, which can be defined as behaviors that decrease in rate or intensity upon presentation of a noxious stimulus. Examples of pain-depressed behavior include painrelated reductions in feeding, locomotion, or (as in the present study) positively motivated operant behavior (Stevenson et al., 2006 Pereira Do Carmo et al., 2009) . In assays of pain-depressed behavior, antinociception is expressed as an increase in the target behavior. Consequently, drugs that produce motor impairment do not produce false-positive effects. In addition, assays of pain-depressed behavior may . ‫ء‬ indicates significantly different from Veh as determined by a significant one-factor ANOVA followed by Dunnett's post hoc test (p Ͻ 0.05). # indicates significantly different from lactic acid vehicle as determined by a paired t test (p Ͻ 0.05). c and d, full frequency-rate curves. Abscissae, brain stimulation frequency in log Hz. Ordinates, rate of ICSS expressed as %MCR. c, data for ICI204448 administered as a pretreatment to lactic acid vehicle (control ICSS). d, data for ICI204448 administered as a pretreatment to 1.8% lactic acid (acid-depressed ICSS). Filled points indicate significantly different from ICI204448 vehicle as determined by a significant two-factor ANOVA followed by the Holm-Sidak post hoc test (p Ͻ 0.05). Error bars are not shown for clarity. All data show mean results from six rats (stretching) or five rats (ICSS), and error bars in a and b show S.E.M. model clinically relevant aspects of pain-related functional impairment and/or depression of mood (Cleeland and Ryan, 1994; Dworkin et al., 2005) . In view of these considerations, we have argued that assays of pain-depressed behavior may complement conventional assays of pain-stimulated behavior in the preclinical evaluation of candidate analgesic drugs (Negus et al., 2010a) . For the purposes of the present study, results with the reference compounds ketoprofen, cocaine, flupenthixol, and salvinorin A will be discussed first to provide a context for interpretation of results with peripherally restricted agonists.
Effects of Ketoprofen, Cocaine, and Flupenthixol. In agreement with its clinical analgesic efficacy in veterinary and human medicine (Nolan, 2000; Sarzi-Puttini et al., 2010) , ketoprofen in the present study blocked both acidstimulated stretching and acid-induced depression of ICSS at a dose that had no effect on ICSS in the absence of a noxious stimulus. These results are consistent with the interpretation that ketoprofen reduced sensitivity to the noxious stimulus without producing nonselective motor depressant or stimulant effects. Previous studies found that the clinical analgesic and opioid receptor agonist morphine also blocked both acid-stimulated stretching and acid-induced depression of ICSS at doses that did not alter ICSS in the absence of a noxious stimulus (Pereira Do Carmo et al., 2009; Negus et al., 2010b) . Conversely, the present results with flupenthixol and cocaine illustrate effects of nonanalgesic drugs that nonselectively depress or stimulate behavior. Flupenthixol produced an antinociception-like decrease in acidstimulated stretching, but only at doses greater than those that also decreased ICSS in the absence of a noxious stimulus and exacerbated acid-induced depression of ICSS. Cocaine produced an antinociception-like blockade of acid-induced depression of ICSS, but only at doses greater than those that also stimulated ICSS in the absence of a noxious stimulus and failed to block acid-stimulated stretching. Taken together, these results provide evidence that complementary assays of acid-stimulated stretching and acid-depressed ICSS are sensitive to known classes of analgesic drugs and able to dissociate analgesics from nonanalgesics that produce nonselective depressant or stimulant behavioral effects.
Effects of Salvinorin A. Effects of salvinorin A in the present study were similar to results reported previously with U69593, another centrally penetrating receptor agonist (Negus et al., 2010b) . Both compounds produced dosedependent and receptor-mediated antinociception-like ef- fects in the assay of acid-stimulated stretching, but only at doses that also decreased control ICSS in the absence of a noxious stimulus and exacerbated acid-induced depression of ICSS. This profile of effects is similar to that produced by flupenthixol and consistent with the interpretation that salvinorin A (Ansonoff et al., 2006; McCurdy et al., 2006) and other centrally acting agonists produce antinociception in assays of pain-stimulated behavior at least in part by producing nonselective behavioral depression. The similarity in effects between agonists and the dopamine receptor antagonist flupenthixol may be more than superficial because both classes of compounds reduce mesolimbic dopaminergic signaling that is critical to motivated behavior (dopamine antagonists by blocking postsynaptic dopamine receptors, agonists by reducing presynaptic dopamine release) (Zhang et al., 2005; Carlezon et al., 2006) . The failure of centrally penetrating agonists to produce antinociception in the assay of acid-depressed ICSS may also be related to their failure to produce clinically viable analgesia. The potential analgesic effects of salvinorin A have not been systematically examined; however, salvinorin A is the principal psychoactive constituent of the plant Salvia divinorum, and analgesia has not been cited as a prominent effect by Salvia users (Baggott et al., 2010) . Likewise, synthetic agonists examined in clinical laboratory studies failed to produce viable analgesia either because of insufficient efficacy or the emergence of dose-limiting untoward effects (Pande et al., 1996a,b; Wadenberg, 2003) .
Effects of ffir and ICI204448. ffir is a tetrapeptide with high affinity for opioid receptors (Dooley et al., 1998) . This is the first study to evaluate the in vivo behavioral effects of ffir. Although peripheral selectivity of ffir has not been confirmed in pharmacokinetic studies, the present results are consistent with the conclusion that ffir functioned as a -selective and peripherally restricted agonist in this study. Thus, ffir produced dose-dependent and norBNI-reversible antinociception in the assay of acid-stimulated stretching, and ffir was approximately 10-fold more potent in producing this antinociceptive effect than in decreasing ICSS in the absence of a noxious stimulus. Moreover, previous studies found that structurally related tetrapeptides also functioned as peripherally restricted agonists (Dooley et al., 1998; Vanderah et al., 2004 Vanderah et al., , 2008 . ICI204448 is a nonpeptidic small molecule that has also been described as a peripherally restricted -selective agonist (Shaw et al., 1989) , and previous studies have reported dose-dependent and receptormediated antinociceptive effects in various assays of painstimulated behavior, including assays of acid-stimulated stretching in mice and rats (Barber et al., 1994; Keïta et al., 1995; Caram-Salas et al., 2007) . Results of the present study are consistent with this characterization insofar as ICI204448, like ffir, produced dose-dependent antinociception in the assay of acid-stimulated stretching at doses that did not decrease ICSS in the absence of a noxious stimulus. These findings add to a growing body of evidence that stimulation of peripheral receptors may block reflexive manifestations of pain-related behavioral stimulation without producing more generalized signs of motor impairment (Barber et al., 1994; Vanderah et al., 2004 Vanderah et al., , 2008 . In this regard, peripherally selective agonists may be safer than centrally penetrating agonists that produce evidence of antinociception/analgesia only at doses that also produce untoward effects including sedation and (in humans) psychotomimesis. Despite this evidence for their activities as peripherally restricted -selective agonists capable of blocking pain-related stimulation of behavior, ffir produced no antinociception and ICI204448 produced only weak antinociception in the assay of acid-depressed ICSS. The failure of these peripherally restricted agonists to block acid-induced depression of ICSS suggests that 1) stimulation of peripheral receptors may not be sufficient to block prodepressant manifestations of pain, such as pain-related functional impairment or depression of mood, and 2) peripherally restricted agonists may consequently be less efficacious as analgesics than NSAIDs or opioid agonists. Moreover, this conclusion is consistent with clinical reports that peripherally restricted agonists such as the nonpeptide asimadoline often fail to produce significant analgesia and sometimes exacerbate pain (Machelska et al., 1999; Delvaux et al., 2004; Szarka et al., 2007; Mangel et al., 2008) . However, as a caveat to this conclusion, it should be noted that peripheral distribution of ffir, ICI204448, and related compounds is not absolute, and high doses can be expected to result in sufficient central nervous system penetration to produce centrally mediated effects that may oppose and limit any peripherally mediated blockade of pain-related behavioral depression. For example, high ffir and ICI204448 doses significantly decreased control ICSS in the present study, and relatively high asimadoline and ICI204448 doses mimicked the discriminative stimulus effects of the centrally penetrating agonist enadoline in squirrel monkeys (Carey and Bergman, 2001) . These findings raise the possibility that agonists with greater peripheral selectivity than ffir, ICI204448, or asimadoline may display reduced propensity to act centrally and correspondingly greater efficacy to produce peripherally mediated blockade of pain-related behavioral depression. In support of this possibility, CR665 (H-D-Phe-D-Phe-D-Nle-D-Arg-NH-4-picolyl amide) has been described as a tetrapeptide agonist with very high peripheral selectivity in preclinical studies (Vanderah et al., 2008) and efficacy equivalent to oxycodone in one of two measures of mechanical visceral pain in humans (ArendtNielsen et al., 2009) . CR665 was inactive on other measures of visceral and muscle pain, and it exacerbated responses to a cutaneous mechanical noxious stimulus, but further evaluation of agonists with high peripheral selectivity may be warranted.
